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ABSTRACT In this paper we address interference mitigation through user association and receiver field of
view (FOV) optimization in amulti-user indoor optical wireless communication (OWC) scenario.We explore
several dynamic FOV receiver solutions including steerable (SDFOV) and non-steerable (DFOV) to optimize
performance for multiple devices experiencing orientation dynamics. We compare their performance to a
baseline fixed FOV receiver (FFOV). Through modeling and simulation we find that SDFOV receivers
outperform DFOV by up to 2.6x and FFOV by up to 5.6x in terms of average minimum throughput gain
using our test scenario. Similarly, DFOV receivers can achieve up to 2.2x gain over FFOV receivers. For
multi-user environments, we compare the performance of coordinated versus distributed system control.
Results show that in the worst case, the distributed greedy system performs on average 46%, 16%, and
57% below the coordinated system for SDFOV, DFOV, and FFOV, respectively at a reduced computational
complexity compared to the centralized system. We also note that the performance gap in each system
diminishes with increasing transmitter Lambertian order. This analysis is done under different room coverage
achieved through optimizing the transmitted power to jointly maximize the minimum received power and the
standard illuminance range probability at the working plane. Next, we show the impact of self- and random-
human blockage at different Lambertian orders on the minimum and average user throughput values. Lastly,
we show the gains from employing the hybrid RF/VLC network compared to a VLC-only mode for two
different strategies: (1) minimum-throughput-enhancing and (2) sum-throughput-enhancing.
INDEX TERMS Visible light communications (VLC), LiFi, dense networks, optical wireless communica-
tions (OWC), hybrid RF/VLC, dynamic field of view (FOV), multi-user, interference, self-blockage, user
association, random orientation, FOV optimization, resource allocation, load balancing, user association,
emission pattern, smart lighting.
I. INTRODUCTION
The increasingly crowded Radio Frequency (RF) spectrum
has motivated researchers to explore ways to opportunisti-
cally employ other bands of the electromagnetic spectrum
such as mmWave, optical, and THz bands [1]–[3].
In this work we focus on using the visible light range for
indoor communications, i.e., visible light communications
The associate editor coordinating the review of this manuscript and
approving it for publication was Ding Xu .
(VLC) [4], [5] as a complementary technology to RF. Con-
veniently, these bands do not interfere with each other. Light
has the added advantage of ‘‘dual use,’’ providing illumina-
tion (lighting) while supporting communications. Lighting
is ubiquitous, supported by inexpensive infrastructure, and
constrained within opaque walls, providing privacy. A great
deal of research describes the advantages of the coexistence
of both VLC and RF technologies (e.g., [6]–[8]). However,
when designing an indoor VLC system, lighting constraints
must be considered. One of which is the standard illuminance
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FIGURE 1. Sequence of system analysis. (a) Deployment optimization for
VLC coverage and illumination; (b) User association and FOV optimization
in a multi-user setting under two different system architectures;
(c) Evaluation of occlusion effects on the VLC system; (d) Analysis of the
hybrid setup of the optimized VLC system and WiFi.
range at the working surface, which is typically 300−500 lux
for an office space [9].
In Cisco’s predictions [10], an increase in both the number
of devices as well as indoor mobile traffic is forecasted. This
supports our study of dense indoor networks. However, with
the increase of number of access points (APs), the possibility
of interference between cells increases. The AP count growth
in the VLC network also begs the question of how to balance
the load across APs in the VLC network or, similarly, across
tiers in a hybrid RF/VLC network. There exists work, relevant
to the interference problem, that focuses on power allocation,
user association, load balancing or multiple access techniques
[11]–[14]. We discuss interference mitigation in indoor opti-
cal wireless networks in [15].We also study dynamic receiver
FOV performance and advantages in prior work [16]–[20]
and provide important insights to its usages theoretically and
through experimentation.
Based on these two dimensions – the need for balanced
illumination, and the need to mitigate interference between
users, we set out to (1) optimize luminaire emission and (2)
optimize signal quality and user association in a multiple AP
setting. We also address how this will be practically managed
in either a centralized or distributed way. The conceptional
model of this configuration along with the sequence of anal-
ysis are illustrated in Fig. 1.
In this model we envision multiple users in a dense hybrid
indoor VLC/RF network. Variables and dynamics that affect
this system include transmitter parameters: transmitter lay-
out, coverage (emission pattern), illumination, and power.
Receiver-side parameters include: receiver orientation, loca-
tion, FOV, density, and blocking. Finally, system parameters
include the management organization: whether via central
access point controller (APC) or by distributed and poten-
tially greedy receivers.
Motivated by enhancing user signal quality and user expe-
rience in the presence of interference, the novelty of this paper
lies in:
• Studying the user association and FOV optimization in a
multi-user indoor OWC system under two different FOV
receivers; namely, a dynamic FOV (DFOV) receiver and
a steerable dynamic FOV (SDFOV) receiver. Then com-
paring the performance to a baseline fixed FOV receiver
(FFOV).
• Comparing the performance of different system archi-
tectures in terms of multiple system metrics.
• Comparing the performance of the proposed system
under different coverage patterns created through chang-
ing the transmitter beam width while maximizing the
minimum power received as well as the probability of
maintaining illuminance at the standard range.
• Proposing heuristics for the SDFOV receiver as well as
proposing a novel orientation based association method
for DFOV fairness performance.
• Analyzing the effect of self-blocking as well as ran-
domly located human blockers within the room showing
their effect onminimum as well as average user through-
put for different Lambertian orders and different system
blocking responses (active versus passive).
• Comparing the minimum user throughput as well as the
aggregate sum throughput of a dynamic FOV VLC-only
system to a hybrid RF/VLC system.
As outcomes of the novel analysis described above, we find
the following key results:
• SDFOV outperforms DFOV by up to 2.6x in aver-
age minimum throughput gain (5.6x gain over FFOV);
DFOV receivers achieve up to 2.2x gain over FFOV
receivers in the evaluated configuration.
• The distributed greedy system may reach a lower per-
formance up to 46% less on average (in terms of mini-
mum user throughput) than the coordinated system for
SDFOV, 16% for DFOV and 57% for FFOV at a compu-
tational complexity reduction fromO(MNM ) toO(MN ).
The remainder of the paper is organized as follows.
Section II discusses background work, applications and chal-
lenges within our system. Section III defines our system
model. Section IV describes our joint optimization of min-
imum received power and illumination. Section IV discusses
the details of our optimization problem. Section V shows
our simulation results of the performance metrics. Section VI
shows our algorithms and heuristics results for the optimiza-
tion of the steerable dynamic FOV receiver as well as a heuris-
tic for the DFOV fairness problem. Section VII describes
our blockage model and results. Section VIII discusses our
hybrid RF/VLCmodel and its performance results. Section X
concludes the paper.
II. BACKGROUND
Here we discuss prior work, challenges in our novel problem,
and broader dynamic FOV applications related to VLC topics
impacted by receiver FOV and orientation.
A. LITERATURE REVIEW
Optimizing the deployment is an essential first step of the
network design and is of significant interest to the research
228780 VOLUME 8, 2020
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FIGURE 2. Importance of FOV optimization and user association.
community. We study different interference cell patterns
through changing the emission beamwidth. This is controlled
by the transmitter semi-angle, or the Lambertian order m
while assuring a desired illuminance is maintained through
a constraint. In [21] the authors vary the transmitter semi-
angle to reduce the spatial variations in power. The work
in [22], [23] explores optimizing the Lambertian order to
maximize theminimum power in a room. However, the works
mentioned do not consider an illuminance constraint.
There is a variety of work focused on user association and
load balancing in VLC as well as hybrid VLC/RF networks.
In [11] the authors use a college admission model in a match-
ing theory to solve a load balancing problem in a hybrid VLC-
LTE setup. There is also work focused on power allocation
and user association (directing users to access points). In [12]
the authors study power allocation and user grouping while
employing Non Orthogonal Multiple Access (NOMA) in a
multi-cell VLC network. Meanwhile, [13] studies a joint
load balancing and power allocation in a hybrid VLC/RF
network setup. The authors propose an iterative algorithm
to distribute users on the APs and distribute the powers of
the APs on their users. In [14], a cooperative load balancing
technique is proposed that can achieve higher proportional
fairness and area spectral efficiency in comparison with a
LiFi only network. In comparison, our work studies the novel
problem of joint user allocation and FOV optimization while
addressing load balancing in the hybrid RF/VLC model as
well as the centralized VLC-only system.
Our prior work is also relevant here. We show: (1) The
impact of orientation and FOV on signal reception validated
with experimental data [18], [20]. (2) A novel dynamic FOV
receiver with performance prediction and experimental vali-
dation [16] and its extension to dynamic tracking (steering to
point the receiver to the center of a transmitter) [17]. And
(3) Resource reuse, coverage perspectives and interference
mitigation using dynamic FOV receivers [19]. Interference
between indoor users in OWC networks and possible mitiga-
tion solutions are reviewed in our prior work in [15]. Here we
adopt a channel isolation methodology and study how it can
provide gains in the system compared to a wide-FOV non-
isolating receiver.
B. CHALLENGES IN THE NOVEL USER ASSOCIATION AND
FOV OPTIMIZATION
The user association and FOV optimization are tightly cou-
pled. We show a simple example of this in Fig. 2 where both
users 1 and 2 are located closer to transmitter 2 (Tx2). It may
FIGURE 3. FOV optimization challenges in a multi-element transmitter
configuration.
seem that the association solution would be to have them
both connect to Tx2 and share the cell resources or suffer
from interference generally. However, if we allow their FOVs
to grow so each one can see the more distant transmitter
closest to it as in Fig. 2 (right), then User 1 connects to Tx1,
User 2 connects to Tx3 and Tx2 is turned off. The result is
better individual and system throughput. The problem also
depends on the user density; if there were a third receiver that
would cause Tx2 to be ON, then it would cause the highest
interference on Users 1 and 2 and the best allocation/FOV
solution would be different.
Fig. 3 shows the challenge of FOV optimization specif-
ically for the non-steerable dynamic FOV receiver through
another example. In this case the receiver is shown centered
in a FOV with a flat orientation and connected to Tx1. In case
of point-source transmitters, the solution is easier because
the optimized FOV will just be the minimum FOV that
allows the receiver to see the transmitter. In our configuration,
we assume a more practical non-point-source transmitter that
we model as consisting of a grid of point-source elements.
If the receiver sees all of Tx1, interfering components come
into view from both Tx2 and Tx3. To remove interference
completely, the FOV must reduce to the smaller illustrated
circle. However, this is not necessarily the best solution
because of the trade-off between signal strength and interfer-
ence. This is why the region between these two circles is the
optimal FOV region. The optimal FOV is the one that finds
the right combination of desired and interfering elements that
gives the best signal to interference plus noise ratio (SINR).
Other factors that determine the best solution include: which
transmitters are actually ON, the receiver location and orien-
tation, user density, and transmitter spacing.
C. BROADER APPLICATIONS
In this work we focus on employing dynamic FOV receivers
to enhance system communication performance in typical
indoor illumination scenarios. However, there are other appli-
cations in which a dynamic FOV has utility. This includes
applications in vehicular communications and light-based
VOLUME 8, 2020 228781
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TABLE 1. Acronyms.
positioning. For example, for positioning, a wide FOV is
advantageous in findingmore light sources to accurately posi-
tion a device, but also causes increased noise which results in
higher root mean square (RMS) error in the localization. This
trade-off is described in [24]. In vehicular communications,
wide FOV provides wider receiver scope [25] where receiver
scope is analogous to transmitter coverage but on the receive
side [19]. An enlarged scope has the potential to include
more interfering sources. However, a narrow FOV becomes
challenged in terms of sustaining alignment between vehi-
cles. Setting a fixed narrow FOV also proves non-beneficial
as the optimal FOV will change with the proximity of the
transmitter/receiver pair. Steerable DFOV receivers add the
advantages of protection of the communication quality under
orientation effects and dealing with alignment challenges.
This can be very beneficial in relay systems where an SDFOV
receiver can be used to relaymessages to devices that lack line
of sight (LOS) communication.
III. VLC SYSTEM FRAMEWORK
In this section we describe the details of our standalone
VLC system model including, assumptions, receiver speci-
fications, and target performance metrics. Because we care
about illuminance, we are particularly interested in average
optical power as this is what constrains the transmitted signal.
Table 1 provides a summary of the acronyms used in the
paper.
A. CHANNEL MODEL
We assume rectangular-format light sources (transmitters),
each consisting of a grid of w × l point sources (e.g., LED
elements).
Fig. 4 shows the hybrid RF/VLC network, the vari-
able receiver location, orientation, FOV, and the parameters
involved in our analysis, described later on in this section.
We study the LOS optical channel gain. We do not study the
effect of reflections as in most environments their effect can
be neglected [26]. The element LOS optical channel DC gain
[27], the gain from a transmitting element to the receiver,
FIGURE 4. Room layout emphasizing variable device orientation,
location, and FOV in a hybrid RF/VLC network.
as shown in Fig. 4, is defined as:







where P(ji)t,e and P
(ji)
r,e are the optical power transmitted and
received from the i-th element within transmitter j, respec-
tively. φji is the emission angle, ψji is the acceptance angle,
and dji is the distance between the receiver and the element.
Each of the parameters defined with subscript/superscript ji
is used to describe the point source element i within source
j. The subscript e indicates element models. The transmitter
gain or radiant intensity (i.e., GT ) and the receiver gain (i.e.,






GR(ψ) = A cos(ψ)1{ψ < χ}
respectively. We consider a Lambertian emission with order
m and model a photodetector with area A and no filter or
optical lens. χ is the receiver’s FOV and 1{.} represents the
indicator function.
We consider signal transmission via Intensity Modulation
with Direct Detection (IM/DD). Substituting in eq. (1), the
optical power received from element i is evaluated as:
P(ji)r,e =
P(ji)t,e (m+ 1)A cos
m φjicosψji
2πd2ji
1{ψji < χ} (2)
where P(ji)t,e = P
(j)
t αji. We define P
(j)
t as the optical power
transmitted from transmitter j; therefore,
∑
i αji = 1. In this
paper we consider αji = 1wl ∀i to normalize the transmitter’s
power over all the elements that it contains.
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The transmitter LOS channel gain which sums over all the









where the total received optical power from the j-th transmit-





In a multi-user setup, we define the SINR of user u con-












r (χ ))2 + σ 2a (χ)
(4)
σ 2j is the variance of the desired signal from the associated
transmitter j, σ 2q is the interfering signal variance and we sum
over q depending on the number of interference signals. σ 2a is
the noise current variance and R is the receiver responsivity.
In our shot noise dominated system, we model σ 2a as [28]:
σ 2a = i2q + i
2
d (5)
where i2d is the dark current noise and i
2
q is the quantum noise.
i2q = 2qRPnBVLC , q is the electron charge, BVLC is the VLC
AP bandwidth and Pn is the optical power incident on the








We define PtxDC to describe the transmitted DC power con-
tributing to the noise and is different from the DC signal
power. Both Pn and PtxDC are defined in the optical domain.
B. SYSTEM MODEL
Assumptions:
1. User devices are assumed to move in a uniformly ran-
dom fashion throughout the x-y plane at a fixed receiver
height (the working plane, highlighted in Fig. 4).
We choose to fix the receiver height for simplicity but
realize that performance varies with different receiver
heights. This is discussed in [19, Fig. 6] where we show
that variable height can cause changes to the optimal
FOV.
2. Devices are allowed to have variable orientation. The
azimuth angle can take a uniformly random angle
between (0-360) degrees as well as the elevation which
is between (30-150) degrees. We choose these ranges
to ensure that the receiver has visibility to at least one
transmitter.
FIGURE 5. Receiver structures; Fixed field of view (FFOV), Dynamic field
of view (DFOV) and steerable dynamic field of view (SDFOV).
3. Interference is assumed to exist among different APs
(inter-cell interference) but for users connected within
an AP the resources are divided equally. In terms of indi-
vidual throughput, assuming no overhead for division





log(1+ SINR(j)u ) (7)
where BVLC is the VLC AP bandwidth and NVLC,j is the
number of users connected to VLC AP j.1
C. EMPLOYED RECEIVER STRUCTURES
We propose two dynamic field of view receivers and compare
their results to the baseline fixed FOV receiver, seen in Fig. 5.
We discuss each one next:
1) DYNAMIC FIELD OF VIEW RECEIVER
The DFOV receiver only changes its FOV for the purpose
of finding the AP with the best signal [16]. It has no control
over its orientation. It can reduce the effect of inter-cell
interference by isolating its own desired signal as much as
possible. It does not fully guarantee total channel isolation
because this depends on the device position as well as its
orientation. However, interfering signals may be unavoidable
in some scenarios. In terms of hardware complexity, the
DFOV receiver is more complex than the baseline fixed FOV
receiver but less complex than the SDFOV.
2) STEERABLE DYNAMIC FIELD OF VIEW RECEIVER
The SDFOV receiver [17], has the ability to track a transmitter
and change its FOV to get the best signal. Through point-
ing (steering) analysis it can identify the best elevation and
azimuth angles that allow the receiver to attain an acceptance
angle ψ = 0 with respect to the center of the tracked source.
Elevation and azimuth are geometrically deduced as follows:
θelev = tan−1(
V√






1The Shannon representation of throughput serves as a tractable model
that is not concerned with specific modulation and provides a good approx-
imation of VLC link performance [29], [30]
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where V is the vertical distance between the transmitter and
the receiver. Then an acquisition analysis provides the opti-
mal FOV (which gives the highest SNR). The optimal FOV
can be scanned for but if the receiver knows full information
about the transmitter’s four corner element locations, as well
as its own location, the optimal FOV can also be evaluated as
follows:
For this receiver, the optimal FOV is the minimum FOV
that allows all elements of the transmitter into the FOV cone
without allowing incident interference. This can be evaluated





where uc is the vector from the receiver to the midpoint of
the transmitter and ue is the vector from the receiver to any
element within the transmitter. The equation is evaluated for
3D lines so we need to transfer their intersection point to the
origin. This can be done by subtracting the receiver location
from both known points on the lines. This only needs to be
evaluated for the four corner elements. The largestχ from this
calculation is the optimal FOV. The geometry behind this is
that due to the random orientation of the receiving element,
the FOV cone’s intersection with the transmitter plane gen-
erally forms an ellipse. By testing the edge elements of the
transmitter we find the best intersection of this ellipse (max
FOV from the elements) so that all elements are included.
This receiver can achieve full channel isolation as long as
the employed transmitters are not touching or overlapping
which is a logical assumption. In terms of hardware complex-
ity, it has the highest complexity of the three receivers.
3) FIXED FIELD OF VIEW RECEIVER
The baseline receiver is the FFOV receiver that has its FOV
set at χFFOV . It does not provide channel isolation, however
it is the least complex receiver of the three.
D. PERFORMANCE METRICS
We consider the following performance metrics in evaluating
the proposed work.
1.Fairness: In the coordinated setting, we solve amax-min
problem to get the highest minimum individual throughput.
(This takes into account the user throughput after the cell
resources have been shared between users within one cell).
If this max-min solution can be achieved through multiple
user allocations, the one that gives the highest sum is then
chosen. This helps the other users not lose performance gains
unnecessarily allowing better total system throughput as well.
In case of the greedy association, we look at the resultant
minimum rate.
2. Total System Throughput: The sum of each user
throughputs.
3. Transmitter Utilization Percentage: The number of
active transmitters on average within the system.
4. Outage Probability: For a fixed system required
throughput, we evaluate the probability that each receiver is
unable to meet the requirement. We define an outage as the
case when this happens.
IV. DEPLOYMENT OPTIMIZATION FOR VLC COVERAGE
AND ILLUMINATION
In this section we discuss tuning of the Lambertian order and
transmit power to vary the transmitter coverage patterns.
For the room shown in Fig. 4, we change the coverage
patterns by tuning the transmitter Lambertian order m. Con-
trolling m changes the semi-angle of the transmitter (φ1/2)
and also changes the inter-cell interference pattern. The trade-
off involved is that although having smaller beams creates
less interference, the power transmitted has to be reduced
to keep the illuminance level in the standard range 300-500
lux [9] at the working plane for an office environment. This
is addressed more in depth in [31]. We analyze the effect
of changing the coverage pattern on the multi-user scenario
when three different receivers are used: the FFOV, DFOV and
SDFOV receivers.
Illuminance describes the quantity of luminous flux 8
falling on a surface [32]. In the illuminance discussion we
consider the receiving element (human eye) to have a wide
field of view and flat orientation to capture the highest effect
of illuminance. This tightly constrains the illuminance. Lumi-





where Km is maximum visibility which is about 683 lm/W
at λ =555 nm [26], VL(λ) is the standard luminosity curve
and PSD(λ) is the spectral content of the light incident on the
receiver. We assume a constant power spectral density (PSD)
for the source. Ps in the context of this equation is the radiant










We assume the illuminance is approximately constant over a
small enough area. It is then evaluated as luminous flux over




We consider the area of interest to be the working surface As
across which illuminance varies. As is 0.5 m away from each
wall and 72 cm away from the floor level, highlighted and
shown in blue in Fig. 4.
In [31] the maximum minimum power received in a space
is optimized subject to an illuminance constraint. The min-
imum power is received from the furthest transmitter away
from the edge of the working surface at dmax , as shown in
Fig. 4. However, in our design in eq. (9), we focus on jointly
optimizing a weighted sum of the minimum power received
and the probability that illuminance lies between the standard
ranges, Pill = P(300 < I < 500). I is the illuminance
random variable which depends on the receiving element
228784 VOLUME 8, 2020
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location (xe, ye). Both xe and ye are random variables uniform
over the working space.
Continuing this analysis, we choose equal weights w1 =
w2. In this way illuminance will not only be constrained
(such that the solution will reside at the threshold) but also
maximized to provide better user viewing experience. Our
system does not assume a dynamically changing Lamber-
tian order hence for each m we aim at giving the users the
best illuminance ranges as well as max-min power received.
We also simulate results for only maximizing the minimum
power received (w2 = 0) and note that the results do not
significantly change. Assuming dji = dmax∀i for the furthest
AP j, recalling that P(ji)t,e =
P(j)t
wl and looking at the relevant


















s.t. Pill ≥ γ
0 ≤ P(j)t ≤ Pmax
m > 0 (9)
γ in this case is the least allowed standard illuminance prob-
ability. The first constraint (P(300 < I < 500) ≥ γ ) is to
guarantee that the illuminance cumulative distribution func-
tion (CDF) mass between 300 and 500 lux has a probability
γ of the total CDF mass.
V. USER ASSOCIATION AND FOV OPTIMIZATION
Here we investigate the problem of allocating users to trans-
mitters to yield the best fairness and system sum throughput.
The solution and the optimization problem differ based on the
receiver used.
For each receiver, we show two possible optimization
methodologies, solving it jointly and through decoupling.
The results are rendered through Monte Carlo simulations;
however, we provide heuristics and show their performance
and discuss the limitations of each methodology. The gen-
eral joint allocation/FOV optimization formulation, for M
receivers andN VLCAPs, to maximize fairness in this model
















s.t. xuj ∈ {0, 1} ∀u, j
N∑
j=1
xuj = 1 ∀u
χ (j)u ∈ F ∀u, j (10)
where SINR(j)u (χ
(j)
u ) and χ
(j)
u are the SINR (from eq. (4)) and
the FOV of user u connected to transmitter j respectively.
Meanwhile, xuj is a binary connection variable; if transmitter
j is connected to user u then xuj = 1 otherwise it is 0. The
second constraint allows the receiver to connect to only a
single AP. The last constraint states that χ should be between
the allowed ranges within FOV set F , [χmin, χmax]. χmin
and χmax are the smallest and largest FOVs achievable by the
receiver respectively. The general problem for maximizing

















Each of these objective functions inherently penalizes the
connection of multiple users to the same AP to promote a
more balanced load. The search space S including both sets
of variables is S , |{0, 1}|MN × |F |MN , the first term results
from the association problem and the second from the FOV
optimization. |{0, 1}| = 2, χ in contrast is continuous. This
leads to S = 2MN |F |MN . When applying the constraints
on xuj such that 1 receiver is served by 1 AP at most, the
association space reduces to NM . As for the FOV space, for
a specific association {xuj,∀j,∀u}, it reduces to |F |M since
each receiver has a single non-zero FOV associated with a
single specific transmitter. This is further reduced to M |F |
because there are no dependencies between different receiver
FOVs. We then discretize the FOV by 1χ to search the
continuous space, bringing the overall space (complexity) to




Because the FOV is fixed, the problem reduces to a nonlinear
resource division association among users.
2) DFOV ANALYSIS
The user association and FOV optimization are tightly cou-
pled. This is clear within this formulation. From eq. (4), the
FOV variable χ (j)u is present in both the numerator and the
denominator of the SINR term. The interference term adds to
the complexity of the problem. Also if the interference terms
were neglected the problem in terms of FOV only would
still be non-convex. The presence of the association variables
xuj cause the problem to be a mixed-integer nonlinear pro-
gram (MINLP) which is known to not have efficient solving
techniques.
Unfortunately, methods such as proposed in [34] do not
apply in our formulation as the performance function is non-
differentiable with respect to FOV. Moreover, the perfor-
mance function per a single user depends on the resources
of other users. This causes strong coupling in the optimiza-
tion. Each of these properties leads us to develop a different
analysis approach.
VOLUME 8, 2020 228785
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TABLE 2. System overhead.
3) SDFOV ANALYSIS
The problem remains similar to the DFOV analysis in terms
of variables. However, due to the presence of the pointing and
acquisition capabilities of this receiver the SINR term reduces
to the SNR. Therefore decoupling the problem, through solv-
ing the association problem then optimizing the FOV, can give
close sub-optimal solutions.
A. COORDINATED SYSTEM
This system assumes the usage of a controller. The controller
is assumed to know the location of the receivers. In case of
FFOV and DFOV receivers, it needs to know the receiver
orientation as well. It is able to send the best elevation and
azimuth angles to the SDFOV (if necessary). The receivers
however are assumed to be able to tune their FOVs on
their own. In turn the controller is able to evaluate the best
associations between transmitters and receivers for different
FOVs. This shows the best performance that the system can
achieve in terms of fairness and sum throughput. However,
its computational complexity is O(MNM ). It is NP-hard and
cannot be solved in polynomial time.
B. DISTRIBUTED SYSTEM
In this system the problem is decoupled. Both the association
and FOV optimization problem are done at the receivers.
We consider the greedy method where each receiver tries
to connect to its best channel. The receiver scans the room
for best SINR then, when applicable, it changes its FOV to
zoom to the best connection. In case of SDFOV, the receiver
searches for best SNR. This is highlighted in Table 2.
VI. VLC SYSTEM PERFORMANCE RESULTS
We demonstrate the performance of the different systems
in terms of the metrics described in Section III-D and the
simulation parameters of Table 3. We set the number of
transmittersN to 4 as well as the receiversM unless otherwise
stated. For the dynamic FOV receivers, F = [0, 90] and
for the FFOV, we set χFFOV = 90◦ to be able to see all
transmitters in any room and at any orientation. Results are
generated and averaged over 10,000 iterations.
A. VLC DEPLOYMENT
Our model is general; however, we use a specific operat-
ing point for investigating and producing results. We do
not believe this diminishes the generality of the model. For
FIGURE 6. Sum throughput of coordinated vs. distributed for different
coverage patterns.
our simulation setup (room dimension, symmetric trans-
mitters, transmitter spacing, maximum transmit power, and
transmitter count, in Table 3), the optimal (m,Pt ) pair is
(0.3,3.8 W). To test different room coverage, we evaluate
the transmit powers to a set of Lambertian orders that exist
within the feasible range of the problem in eq. (9), m =
{0.01, 0.3, 1, 2, 5, 10, 15, 20}. The resultant transmit powers
are P(j)t = {4, 3.8, 2.5, 1.8, 1.2, 1, 0.8, 0.77}W.
B. SYSTEM THROUGHPUT
Fig. 6 compares the average sum throughput of the two
systems at different coverage for the three proposed receivers.
In the figure, at each point the illuminance CDF mass is
centered around 300-500 lux (with the highest possibility that
can be reached given this room model and the Lambertian
order) by reducing the power for larger Lambertian orders, to
allow for best user experience on the working surface in the
space. SDFOV has the best performance but it decreases with
higher Lambertian order, followed byDFOVwhich decreases
as well. Meanwhile, the FFOV performance is enhanced
when the Lambertian order is increased. This is owing to
less overlap and less interference. Meanwhile the other two
receivers already mitigate interference; thus they are mainly
affected by the power drop to maintain illuminance levels.
C. SYSTEM FAIRNESS
In terms of minimum individual throughput, the receivers still
attain their rank in terms of performance as shown in Fig. 7.
Notable is that the FFOV receiver does not outperform the
greedy association performance of the DFOV receiver. This
relationship is maintained as well between the DFOV receiver
and the SDFOV receiver. This is due to the FFOV receiver
being a strict special case of the DFOV receiver; a lower
bound. Likewise the DFOV receiver is a lower bound on the
performance of the SDFOV receiver.
Another important result here is that jointly optimizing the
Lambertian order for max-min received power and illumi-
nance can enhance the max-min fairness of a system. This
optimization result is not normally attained in a multi-user
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FIGURE 7. Fairness of coordinated vs. distributed for different coverage
patterns.
scenario. However when the right receiver is employed, this
can change. In this design, the optimal m is 0.3 for highest
minimum power received and standard illuminance proba-
bility. FFOV receivers do not attain the optimal m simply
because the interference effect dominates. In our analysis
m = 10 gives the best performance for the FFOV minimum
rate. However, the SDFOV and DFOV receivers have the
ability to mitigate interference much better which enhances
their ability to attain best fairness results at the optimal m.
This is mainly guaranteed for the SDFOV receiver which
completely isolates interference.
Analyzing the results, we see that the distributed and
coordinated performance for both the FFOV and the DFOV
receivers in this setup are closer than their counterpart perfor-
mance for the SDFOV receiver. The greedy association for the
SDFOV receiver substantially fails to meet the coordinated
system performance which confirms that the greedy approach
does not uncover the full potential of this receiver.
We investigate heuristic approaches to allow the controller
to use reduced information about the receivers and still main-
tain a performance better than the greedy association method
in Sections VII-A and VII-B.
D. FAIRNESS VS. SUM THROUGHPUT TRADEOFF
Here we discuss the effects of targeting fairness on the system
sum throughput and vice versa. Fig. 8 shows the system
average minimum throughput for a coordinated system that
optimizes sum throughput plotted for different number of
users. The results for all receivers start to diverge from each
other as soon as four users are in the system. However, Fig. 9
shows the system average total throughput of a coordinated
system that optimizes fairness as defined in Section III-D.
In this figure the curves diverge at a slower rate with the worst
case being the DFOV in terms of divergence away from the
optimal, but the other two receivers show that maximizing
fairness, specially using either SDFOV or FFOV, shows a
promising total system throughput as well. Results are plotted
for m = 1.
FIGURE 8. Fairness of sum throughput optimal mode.
FIGURE 9. Sum throughput of fairness optimal mode.
E. TRANSMITTER UTILIZATION PERFORMANCE
Transmitter utilization is an important metric to help under-
stand if the system is balanced and realizing its full poten-
tial for multi-user access. The results we show have been
averaged over 10, 000 trials that fully covered the room and
different device orientation uniformly to provide credible
statistical conclusions.
Fig. 10 shows the average transmitter utilization percent-
age of the sum throughput optimizing coordinated system for
different room coverage plotted along with the results of the
distributed system. This figure also tells us information about
the system load balancing for each receiver employed. The
SDFOV receiver utilizes each of the transmitters (one Tx per
each Rx) to achieve best sum throughput and also gives best
load balancing performance. Second in performance is the
DFOV receiver which utilizes almost 90% of the receivers
at each Lambertian order. Its inability to steer to a transmitter
causes the difference from the SDFOV receiver. As for FFOV
utilization, it is highly dependent on the Lambertian order.
This is mainly due to the presence of high interference in
the lower Lambertian orders that remove its ability to freely
choose transmitters. Finally, the distributed system shows
similar transmitter utilization percentages for each receiver
and each Lambertian order around 68% of transmitters are
used on average.
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FIGURE 10. Transmitter utilization percentage in sum throughput optimal
system.
FIGURE 11. Transmitter utilization percentage in fairness optimal system.
Fig. 11 shows these statistics for a coordinated sys-
tem optimizing fairness instead. In this case each of the
receivers shows variable performance with different Lam-
bertian orders. The SDFOV receiver is able to achieve best
load balancing results at lower Lambertians but with higher
ones it gives less flexibility for the minimum throughput
user and so load balancing is sacrificed. The same happens
to DFOV receivers and the FFOV mostly shows the same
performance. Overall the load balancing results are better in
the sum throughput optimizing scheme, seen in Fig. 10. This
is because the scheme tends to be greedy, by allocating the
poorest signal to a transmitter that balances the load instead
of a transmitter that helps the minimum throughput user. This
does not happen in the max-min allocation and so users may
have to share transmitters more often which causes less load
balancing.
F. OUTAGE PROBABILITY
We define an outage as an instance of a user device failing to
meet its required throughput. Once a user throughput is less
than target throughput Tout , this user is declared in outage
POutage = P{T
(j)
u < Tout }. We set Tout to 30 Mbps and
TABLE 3. Simulation parameters.
FIGURE 12. Outage probability for 4 users at varying lambertian orders.
evaluate how the receivers perform in the fair coordinated sys-
tem at different Lambertian orders and at a fixed Lambertian
order m = 1 for different numbers of users. These results are
shown in Figs. 12 and 13.
Fig. 12 shows that the SDFOV receiver outperforms the
other two receivers but generally deteriorates at large Lam-
bertian orders due to the lower power transmitted for main-
taining acceptable illuminance (illustrated on the right-side
axis). The DFOV receiver has the lowest outage probability
at the optimal m obtained for the system. The FFOV receiver
has least performance The FFOV curve begins in a high-
interference, high-transmit-power region (0.01 < m ≤ 0.3)
with a low Pout . It then enters a region of high-interference,
low-transmit-power (0.3 < m ≤ 2) which causes Pout to
increase. The curve then enters a low-interference, lower-
transmit-power region (2 < m ≤ 10) which shows the lowest
Pout . Finally, the last region (m > 10) has the least transmit
power coupled with the effect of high Lambertian orders on
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FIGURE 13. Outage probability for m = 1 and varying number of users.
FIGURE 14. Distributed system average rate at different Lambertian
orders with increased user count.
the channel gain and here Pout continues to increase. Fig. 13
shows the outage probability at a fixed Lambertian order
m = 1 for the range of 2 to 8 users in the system. We notice
the same trends and ordering of the receivers with SDFOV
outperforming the other two receivers.
In Fig. 14 we show a result related to the distributed system
that confirms the relationships betweenm and average system
rate for each receiver. The figure shows the performance of
the greedy association for different numbers of users. It also
shows the consistency of the performance of each receiver
with increasing the number of users in the system. The FFOV
receiver shows variable performance with Lambertian orders.
In this case better performance with m = 10 because of the
reduced interference in the system.
G. ANGLE SENSITIVITY AND PRACTICAL
CONSIDERATIONS
In a practical setup it is conceivable that attaining an exact
FOV indicated by the optimization might not be possible due
to the limits of FOV actuator precision. We tackle this prob-
lem for a single user in [17, Fig. 6] showing that inaccurate
FOV precision, within less than 2◦ difference, may cause up
to 1.3 dB losses in the signal quality. However, this can be
averted as long as the practical FOV is either equal to or
slightly larger than the optimal value. In this work though
one must take precaution in going too high in FOV increase
because this may cause a reduction in performance due to
allowing more interfering elements into view.
The dynamic FOV receiver and the steering function have
been demonstrated in our testbed in [16] for the purpose of
evaluating their performance and demonstrating proof of con-
cept. However, there are other examples of smaller electro-
mechanical steering approaches for receiver steering that can
be optimized in a practical setting. These include micro-
electro-mechanical systems (MEMS) for both transmitters
and receivers such as [35], [36].
VII. ALGORITHM AND HEURISTIC PERFORMANCE
Here we consider heuristic approaches for the optimization
problems in eq. (10) and eq. (11) for the SDFOV receiver as
well as a fairness heuristic for the DFOV receiver.
A. SDFOV HEURISTIC APPROACH FOR FAIRNESS
Instead of identifying the exact location of the receiver, the
heuristic we propose settles for less information at the con-
troller. We disregard the redundant terms in eq. (2), keeping
only the distance between the transmitter and the receiver
and the angle of emittance. Both pieces of information are
expected to be available on the transmit side without the
need for feedback from the receiver (reducing overhead).
Then the MINLP problem in eq. (10) becomes decoupled
into the binary linear program, defined next in eq. (12), for
user association and then FOV optimization can be done at











s.t. xuj ∈ {0, 1} ∀u, j∑
j













where ruj = log(1+
cosm(φuj)
d2uj
) is a metric concerning receiver
u and AP j. The denominator introduces a penalty to reduce
the number of receivers connected to the same transmitter.
It resembles the sum of number of users from the original
problem but it only sums their partial rates if they were
connected to the same AP. In this way using the same AP
for several users is reduced, load balancing is enhanced and
the problem is now linear in the variable xuj instead of the
non linear original. This problem encapsulates both the user
association among APs as well as system AP load balancing.
The last constraint helps spread the receivers across the
transmitters to allow better fairness results and higher min-
imum throughput per user. This constraint is removed in the
case of large Lambertian orders (m > 5) because with smaller
transmitter semi-angles, it will prove non-beneficial to try
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FIGURE 15. SDFOV fairness heuristic approach, optimal and distributed
solutions.
to constrain a certain number of users on the transmitters
because there is no longer a guarantee that any transmitter
can provide signal everywhere.
We solve this problem usingintlinprog tool (Copy-
right 2013-2019 The MathWorks, Inc.). The results for this
heuristic show near optimal performance in smaller Lam-
bertian scenarios and more overlap (i.e., higher interference
scenarios). Performance for larger Lambertian orders is not
as close; however it still outperforms the greedy approach
association and in this scenario most system results show
better performance at lower Lambertian orders. Fig. 15 shows
the average minimum throughput performance of the heuris-
tic and compares it with the coordinated and distributed
approaches for each of the proposed receivers. This is per-
formed for three Lambertian orders 0.3, 1, 10 to show the
extremes in performance. The heuristic shows near optimal
performance in the lower Lambertian orders and starts to
diverge when m = 10 but it still performs at or above the
performance of the distributed method. This figure is plotted
for N = 4 and M in the range of 2 to 8 receivers.
B. SDFOV HEURISTIC APPROACH FOR SUMRATE
Here we seek to find the association that leads to best system
sum throughput in another attempt to reduce the overhead at
the controller.We introduce a weighted binary linear program
that only needs the distances between the transmitter and the










s.t. xuj ∈ {0, 1} ∀u, j∑
j













where r∗uj = log(1+
1
d2uj
).wuj = 1 for small Lambertian orders




for m > 5.
FIGURE 16. SDFOV sum throughput heuristic approach, optimal and
distributed solutions.
We also solve this problem using intlinprog. The
results for this heuristic are very promising as shown in
Fig. 16. The data indicate very close performance to the
coordinated system at small Lambertian orders. This is due
to the fact that the SDFOV receiver is able to eliminate the
interference and so the problem reduces to user association
according to SNR and FOV optimization without interfer-
ence. The results degrade with larger Lambertian orders but
still outperform the greedy approach. The results plotted are
for N = 4 and receiver countM between 2 and 8 receivers.
C. DFOV FAIRNESS HEURISTIC
Here we focus on the fairness problem defined in eq. (10).
It has a computational complexity on the order of O(MNM )
which cannot be solved in polynomial time and quickly grows
in the number of users and transmitters. The problem is tightly
coupled to the variables. Trying to associate the users without
adjusting what the receiver sees and vice versa gives sub-
optimal solutions.
However, due to the directionality of the optical medium,
we can reduce the complexity of the optimal problem to
become on the order of O(M2M ) which still grows expo-
nentially but at a slower rate and we also show that with
larger number of receivers M the problem grows even closer
to the optimal solution. The reason behind this is shown in
Fig. 2. The presence of only two receivers in the room gives
more free transmitters to choose from and turn ’off’ but with
the increase in number of receivers, the likelihood that more
transmitters are ’on’ grows. If (Fig. 2) transmitter 2 is ’on’
due to the presence of more receivers, then the receivers UD1
and UD2 would need to connect to transmitter 2 because
otherwise it would cause the highest interference on their
communications.
1) CLOSEST CHANNEL VS STRONGEST CHANNEL
A combination of system variables triggers the decision
of best user-AP association. The receiver location, orienta-
tion, transmitter coverage and user density have key roles.
In Fig. 17 we show two different definitions, the first channel
seen by a receiver FOV as opposed to the stronger channel rel-
ative to that receiver. To clarify howwe get the best channel in
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FIGURE 17. Difference between strongest channel and first channel in
FOV.
FIGURE 18. Performance of reduced complexity in four transmitters
scenario.
variable FOV scenarios; the receiver scans different FOVs to
get the best channel. If the FOV is fixed at 90◦ when searching
for the best channel then this gives the worst solution on
average. This is because this methodology takes away the
channel isolation capability and interference isolation. The
association based on it is misleading.
The best solution in regards to fairness is not always con-
necting to the strongest channel. In fact if two receiver were
closely located under Tx2 from Fig. 2 then as we showed in
the previous example, they are better off connecting to other
transmitters.
Through our analysis we have uncovered that for best
fairness associations given the system assumptions, the two
closest channels (channels with smaller incidence angles)
give better performance on average than the two strongest
channels (depicted in Fig. 17). This is mainly because the
first few channels seen by the FOV give the best possibility of
complete isolation from other interferers. Also, narrow FOV
allows for higher signal quality and less noise and interfer-
ence [19]. The other advantage in terms of overhead is that
scanning different FOVs for the best channel strength might
take longer than only finding the first two transmitters in
sight. One should note that, on some occasions the strongest
channel is also the first in sight.
We test this observation in a room with four transmitters
(Fig. 18). Here we plot the average minimum user throughput
with increasing number of users in the optimal coordinated
system, the reduced method, and a distributed system that
FIGURE 19. Performance of reduced complexity in 6 transmitters
scenario.
FIGURE 20. Reduced complexity performance with growing n at worst
case two receivers.
picks the best channel. Here the worst accuracy is 99 %.
In Fig. 19 we assume 6 transmitters (with the same inter-
spacings). In this figure we plot the optimal minimum user
throughput along with the reduced method when the first
three, two and only one channels are used for association,
the worst accuracy is 97% at complexity O(M2M ) instead of
O(M6M ). It is also worth mentioning that if only one channel
information is available then the strongest channel provides
marginally better average results than a single close channel.
The worst accuracy is at the lowest number of receivers.
The more receivers there are in the room, the better the
accuracy. Based on this observation we plotted the worst case
of both four and six transmitters along with nine in Fig. 20 to
show the accuracy of the worst case compared in growing
transmitter number. We did not add more than nine trans-
mitters because we assume 1 m separation in the transmitter
grid and any more would be physically impractical. This
reduction is even more accurate when transmitters are placed
in a line (as opposed to a grid placement). Also, accuracy
increases if the separation between the APs is greater than 1
m.We conclude that this analysis approach introduces a novel
association method based on device orientation.
VIII. LINE OF SIGHT BLOCKAGE
We consider the impact of line of sight (LOS) blockage on
the performance of the receivers. Channel blockage can be
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FIGURE 21. Approximate human holding smart phone.
characterized through three different factors: occurrence rate,
occupation rate, and blockage degree [37]. Occurrence rate
defines the presence of channel blockages per unit time.
We model this as Poisson arrivals with arrival rate λh. Occu-
pation rate defines the length of time the blockage remains
in place. We assume that once the blockage is present it
persists throughout the random trial. The unit time is the
single random trial time. Finally, the blockage degree is a
fraction between 0 and 1 describing how much of the signal
gets blocked, with 0 meaning no blockage and 1 meaning full
blockage. Most models assume values of 0 or 1 for simplicity.
However, due to the fact that we model practical non-point-
source transmitters, our model allows partial blockages. This
happens when the user or the blockers occlude a fraction of
the elements within a transmitter.
The model considers (1) self-blockage and (2) randomly-
placed blockers (humans) and assumes that the blockers are
seated and using their receiving devices at the working plane.
We consider that the difference in geometry for all users sit-
ting or all standing is negligible. However we do not consider
a mix between standing and sitting which would require a
different model.
As shown in Fig. 21, we model the blocker as a human
comprised of two connected cylinders, one representing a
head with radius rh and the other representing a trunk with
radius rb. Variables are picked according to the average
human head and neck width and length as well as the aver-
age human shoulder width respectively. Body size varies
according to men and women according to the medical stud-
ies/statistics in [38], [39] and we assume a probability of
0.5 for each. The viewing distance between the user and the
phone, vL , is adopted from the optometry study in [40]. All
parameters are shown in Table 3.
In our analysis, we show both a passive system that gets
affected by blockage and has no feedback about its where-
abouts, as well as an active system that gets either feedback
information from the receivers or is able to detect human
presence and associate the users accordingly. Fig. 22 shows
the average user throughput performance when no blockage
is assumed as well as for self-blockage in both the active and
passive systems in a coordinated scheme for all three receiver
FIGURE 22. Average throughput under different blockage systems.
FIGURE 23. Minimum throughput under different blockage systems.
types and two different emission patterns when four users are
in the room. Performance of the minimum user throughput
under the same conditions is plotted in Fig. 23.
Figs. 22 and 23 are revealing. First, it is apparent that self-
blockage has an effect on throughput performance; however
each receiver sees a different degree of impact. The SDFOV
is the most affected receiver, and specifically as seen in the
the minimum throughput result. The active system helps in
enhancing the performance but not as much as in the other
receivers. But even in the worst performance case, SDFOV
does better, on average, than the other two receiver types.
Secondly, the FFOV receiver performs better with a smaller
transmitter beam width due to less interference. We also
note that in the active system, which is able to correct the
associations based on the presence of blockage, the average
user throughput from the FFOV receiver is enhanced even
compared to the blockage-free case because blockers poten-
tially remove interference sources from their view. Lastly, the
DFOV is well balanced, providing throughput enhancements
overall.
So far we have demonstrated results of no-blockage ver-
sus self-blockage. Figs. 24 and 25 show the effect of self-
blockage accompanied by the presence of random human
blockers. Their arrival is modeled as Poisson with rate λh.
When λh = 0 we revert back to the self-blockage-only
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FIGURE 24. Active and passive blockage average user throughput performance for all receivers at different m and λh. (a) SDFOV; (b) DFOV; (c) FFOV.
FIGURE 25. Active and passive blockage minimum user throughput performance for all receivers at different m and λh. (a) SDFOV; (b) DFOV; (c) FFOV.
case. The results (Fig. 24) show the effect of shadowing on
the receiver average throughput for two different Lambertian
orders. We also show the effect of active and passive systems
here. Fig. 25 shows the effect on minimum throughput.
From Fig. 24 and 25 we observe: (1) The effect blockage
has on minimum throughput is more severe. This blockage
causes 40-50% reductions in throughput depending on the
receiver used. (2) Higher Lambertian orders (smaller beams)
show less throughput reduction due to blockages in compar-
ison to the wider-beam case but this is not an indication on
the actual performance. (3) DFOV receivers throughout our
analysis have better performance with wider beam emissions;
however, only in blockage scenarios in the passive systems,
the smaller beam emission size m = 10 gives marginally
better results.
IX. HYBRID RF/VLC
In this section we combine our performance analysis with
the integration of an RF component to yield a hybrid system.
The configuration here includes the use of a WiFi AP located
at the center of the set of VLC transmitters. Keeping RF
congestion in mind, the way we design our system is to try
to optimize the user association on the VLC network first
then according to a design metric, i.e., fairness or throughput,
we start to allocate the users who cannot be accommodated
on the VLC to the RF network. Users migrate to RF only if
they cannot be supported on any of the VLC APs in the VLC
network. The goal in this analysis is to better understand the
performance characteristics of such a hybrid model.
A. RF INDOOR CHANNEL MODEL
We consider a single WiFi AP. The WiFi channel gain at user







where hWiFiu is the channel transfer function whose magni-
tude is Rayleigh distributed. As for the log distance path
loss L(du), where du is the distance between the transmitter
and receiver in meters, we follow the JTC (Joint Technical
Committee) indoor path loss model which has traits from the
Okumura-Hata model [41].
L(du) = Ae + Bl log10(du)+ Lf (n)+ Xσ
where Ae is an environment dependent fixed loss factor in
decibels, Bl is the distance dependent loss coefficient, Lf is a
floor/wall penetration loss factor in decibels, it can be evalu-
ated using Lf (n) = 15+4(n−1) dB where n is the number of
floors/walls between the transmitter and the receiver. Xσ is a
normal (Gaussian) random variable in decibels that has zero
mean and standard deviation of σg (log normal shadowing).
The values of the parameters for an office setup are available
in Table 3.
The users equally share the single WiFi AP bandwidth
BWiFi and so do not interfere with each other. Therefore, the
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log(1+ SNRWiFiu ) (15)
where PWiFi is the transmitted WiFi power and NoWiFi is the
power spectral density of noise at the receiver.
B. MINIMUM-THROUGHPUT-ENHANCING DESIGN RULE
In this design, we care about the minimum user throughput
(Tmin) and so the priority goes to users with outages due to
device orientation or location with an ordering from lower
to higher user throughput. A user is removed from the VLC
network until either there are no more outages or until the
minimum rate calculated in the whole network is the highest
achieved. Once a user is removed from the VLC network, this
frees up bandwidth in a specific VLC AP which in turn helps
in alleviating the outage. However, we only give the user the
needed rate, the goal is not to give users the highest rates
they can achieve. This is to keep the RF free for users that
really need it and to not allow excess unnecessary handovers
between the two media.
We define the set of users connected to RF and VLC as




The algorithm is shown as Algorithm 1.
Algorithm 1Min Throughput (Tmin) Algorithm




k , VLC = {1, 2, · · · ,M},
WiF i = ∅, xuj∀u, j, Tout
2: Tmin(0) = mink Tk , umin = argmink Tk
3: for i=1:M do
4: Tmin(i) = mink Tk , umin = argmink Tk
5: WiF i =WiF i ∪ umin.
6: VLC = VLC \ umin
7: Recalculate Tk∀k ∈ VLC using eq. (7) and Tk∀k ∈
WiF i using eq. (15). Set xuminj = 0∀j
8: if Tmin(i) < Tmin(i− 1) then
9: Reverse lines (5-6) then Break.




Fig. 26 shows the CDF of theminimum individual through-
put in case of VLC-only and as well as in the hybrid RF/VLC
system at a Lambertian order m = 1. A user declares an
outage if T (j)u < Tout , Tout = 30 Mbps in this case. At first
look, notice that the SDFOV does not experience outage at
this Tout and thus does not need to use the hybrid mode. This
is by design, as long as all users meet their needs there is
no need for unnecessary handovers. This behavior alleviates
the load on the RF network as well as removes unnecessary
latencies. As for the FFOV and the DFOV, if the users can
FIGURE 26. Minimum user throughput VLC-only vs. hybrid under
minimum-throughput-enhancing design at m = 1.
FIGURE 27. Percentage of users that transfer to RF when m = 1 under
minimum-throughput-enhancing design.
tolerate an outage probability of 0.2, then the hybrid network
adds a gain of 175% in FFOV case and 41% in case of DFOV.
Meanwhile, Fig. 27 shows the percentage of users that
switch to RF. In the case of SDFOV there are none. For DFOV
mostly 50% are under 15% of the users in the system (8
users total). Finally the FFOV has the highest percentage of
transfers.
Fig. 28 shows the minimum user throughput CDF as well
but at m = 15 (with a narrower beam). We show the per-
formance of the standalone VLC downlink against the hybrid
RF/VLCwhich is focused on lifting the minimum throughput
out of outage. This approach does not allow unnecessary
vertical handovers (handover between two media). In this
case, SDFOV has outages due to the usage of lower trans-
mission power to attain the illuminance constraint. DFOV
performs worse at m = 15 than at m = 1 which can be
seen in the VLC-only result but the hybrid system is able
to enhance the performance by 255% on average. As for the
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FIGURE 28. Minimum user throughput VLC-Only vs. Hybrid under
minimum-throughput-enhancing design at m = 15.
FIGURE 29. Percentage of users that transfer to RF when m = 15 under
minimum-throughput-enhancing design.
FFOV, the individual user throughput has higher ranges in the
m = 15 case but the minimum throughput is worse; however,
its hybrid mode in m = 15 is able to achieve better minimum
throughput than in the larger emission pattern m = 1.
We show the results of transferred user percentage in the
m = 15 case in Fig. 29. The percentage of transferred
users agrees with the overall conclusion that with higher
Lambertian order FFOV is enhanced, while the other two
receivers perform worse. This is confirmed in Fig. 29 where
the percentage of users that transfer to RF when using DFOV
and SDFOV increased yet the FFOV percentages decreased.
C. SUM-THROUGHPUT-ENHANCING DESIGN RULE
In this case we try to enhance throughput and the minimum
user rate by moving the weakest users in the VLC network to
the RF network until the sum throughput (Tsum) is maximized.
Once the addition of a user reduces the sum throughput, the
FIGURE 30. Aggregate sum throughput VLC-Only vs. Hybrid under
sum-throughput-enhancing design at m = 1.
algorithm stops adding users to the RF. Details are shown in
Algorithm 2.
Algorithm 2 Sum Throughput (Tsum) Algorithm




k , VLC = {1, 2, · · · ,M},










3: for i=1:M do
4: Tmin(i) = mink Tk , umin = argmink Tk
5: WiF i =WiF i ∪ umin.
6: VLC = VLC \ umin
7: Recalculate Tk∀k ∈ VLC using eq. (7) and Tk∀k ∈










9: if Tsum(i− 1) > Tsum(i) then
10: Reverse lines(5-6) then Break.
11: end if
12: end for
Fig. 30 shows the results for the sum-throughput-
enhancing RF/VLC system design. It also confirms that the
gains from the hybrid RF/VLC system are large in all three
receivers. FFOV sees an average sum throughput gain of
136%, DFOV 49% and SDFOV 32%. Meanwhile in Fig. 31
we see that each of the three receivers transfers a high amount
of users to the RF AP to achieve such gains. SDFOV transfers
up to half the users. DFOV transfers around up to 60% and
FFOV up to 90% which in that case leaves one user out of
eight on the VLC network. The fact that the dynamic field
of view receivers achieve lower hybrid gains than the fixed
field of view receiver show that they depend less on the RF
network which is ideal for the concept of offloading crowded
RF networks.
The drawback of this design lies in allowing a frivolous
number of vertical handovers, which can be problematic
when more users enter the system. Users who need RF may
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FIGURE 31. Percentage of users that migrate to RF under
sum-throughput-enhancing design at m = 1.
be categorized into (1) fast-moving users (which we do not
study here but this is discussed in [16], [42]) because they risk
extensive horizontal handovers (handovers that occur within
the same medium) along their path; (2) orientation-based
outaged users; (3) location-based outaged users; (4) LOS-
blocked users; and (5) users in high-density spots which either
face high interference from other users or in our case need
to share the bandwidth to a degree that affects their service
quality.
Lastly, we expect vertical handovers to have higher latency
than horizontal ones. In the hybrid design process we argue
for making vertical handovers only as needed. Figs. 30 and 31
do not represent the case of minimizing handovers. Fig. 30
shows the huge throughput gains without details. Fig. 31
shows the large percentage of users that migrate to RF to
create these high gains.
X. CONCLUSION
In this work we analyze the problem of joint FOV optimiza-
tion and user association with load balancing for a multi-user
indoor VLC network with the goal of maximizing fairness
and system throughput. In our analysis we consider different
emission beam widths to understand their impact on sys-
tem performance. Higher Lambertian orders (smaller beam
widths) give lower performance on average. This is mainly
due to the need to reduce intensity to maintain the same
luminance within the cross-section of the beam. Through
the analysis we confirm that for each room design, one
might optimize the Lambertian order to enhance illuminance
and average fairness in a multi-user scenario if dynamic
FOV receivers are used. We also investigate optimization
under centralized vs. distributed control. While the central-
ized (coordinated) system has superior performance, it is
more computationally complex and it requires more informa-
tion from each of the receivers to realize these gains. In con-
trast, the distributed approach has simplicity and is more
readily implemented. Hence, we propose heuristic solutions
for the SDFOV receiver that reduce the information required
from each receiver. For theDFOV receiver, we show amethod
to reduce the computational complexity of the optimal solu-
tion from O(MNM ) to O(M2M ) with 97-99% accuracies
in the worst case. We compare the performance of DFOV
and SDFOV to the baseline fixed FOV receiver. Simulation
results show gains of up to 5.6x of the baseline receiver.
We also study how self-blockage and random blockers affect
the performance of variable FOV receivers. Results indicate
that the variable FOV provides the best overall performance
under blockages. Finally, we show how hybrid RF/VLC can
provide gains in the max-min user throughput and system
throughput through two load balancing algorithms.
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